Defect evolution and interplay in n-type InN 
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The nature and interplay of intrinsic point and extended defects in n-type Si-doped InN epilay- 
ers with free carrier concentrations up to 6.6 x lO^'^cm""^ are studied using positron annihilation 
spectroscopy and transmission electron microscopy and compared to results from undoped irradi- 
ated films. In as-grown Si-doped samples, Vin-VN complexes are the dominant Ill-sublattice related 
vacancy defects. Enhanced formation of larger Vin-mV^ clusters is observed at the interface, which 
speaks for a high concentration of additional Vn in the near-interface region and coincides with an 
increase of the dislocation density in that area. 
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InN possesses a strong propensity for n-type conduc- 
tivity which can be explained by an exceptionally high 
Fermi stabilization energy [l| well above the conduction 
band minimum. Taming the conductivity is one require- 
ment for exploiting the material's high potential for elec- 
tronic and opto-electronic devices Therefore, a deep 
understanding of the defect landscape in n-type InN is re- 
quired. Ab-initio calculations predict that hydrogen acts 
as an effective donor impurity in InN Q, while Vn and 
Vin should be the dominant intrinsic donor and acceptor 
type point defects p|. Additionally, high densities of ex- 
tended defects are commonly found in as-grown material 
and have been correlated with an electron accumulation 
layer at InN interfaces @. In this letter, we use positron 
annihilation spectroscopy (PAS) and transmission elec- 
tron microscopy (TEM) to study the evolution and in- 
terplay of native point and extended defects in highly 
n-type InN under different conditions. Si-doped InN lay- 
ers [3] with free electron concentrations from 4.5 x 10^^ - 
6.6 X lO^^cm^'^ are investigated and compared to results 
from an undoped (rtg = 1 x lO^'^^cm"'^ before irr.) ir- 
radiated InN film @ before (3.2 x lO^Ocm-^) and af- 
ter annealing (6 x lO^^cm"'^). All films were deposited 
by plasma- assisted molecular beam epitaxy (PAMBE) as 
~500nm thick layers on c-plane sapphire substrates with 
a GaN buffer layer 

TEM measurements of thin cross-sectional samples 
were performed using a JEOL 2010 operating at an 
acceleration voltage of 200 kV [Sj]. Fig. [T] shows a 
TEM micrograph obtained in weak beam (WB) condi- 
tions with g=ll-20 for a representative Si-doped sam- 
ple. Edge and mixed type dislocations are visible dis- 
tributed throughout the InN layer with an average den- 
sity of 4.0 x lO^cm"^ and 1.1 x lO^cm"^, respectively. 
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FIG. 1: Cross-sectional dark-field TEM micrograph (g=ll-20) of 
a representative Si-doped sample (n5=4.0x 10^" cm~^), showing 
edge and mixed type dislocations. 



An agglomeration of dislocations close to the InN/GaN 
interface can be noticed. The density of screw type dis- 
locations is 3.1 X lO^cm"^ which corresponds to ~6% of 
the total dislocation density. Additionally, a high den- 
sity (3 X lO^cm"-'^) of stacking faults was revealed for 
WB conditions [8] with g=10-10 (not shown here). In 
the irradiated InN film, earlier TEM results showed 
irradiation-induced formation dislocation loops in addi- 
tion to a significant density of planar defects introduced 
during growth. After annealing at 475 °C the density 
of dislocation loops increased from 2.2 x 10^°cm~^ to 
9.0 X 10^°cm~^ [a, II]. Vacancy agglomeration after an- 
nealing was proposed as reason for this increase. 
We applied PAS to investigate vacancy-type point de- 
fects and their nature in the InN samples. Using a 
mono-energetic positron beam, depth-dependent Doppler 
broadening spectra were recorded at room temperature 
to probe the momentum distribution of annihilating 
electron-positron pairs. Details on the experimental tech- 
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FIG. 2: (Color online) Measured S parameter (open circles) of 
sample 2 as function of the mean positron implantation depth (a). 
Corresponding implantation energies are given for comparison. 
The solid line shows a fit of the data using a simple three-layer 
model of the S-parameter (dashed line). Fig. (b) shows the 
calculated positron implantation profiles and fractions for 
positron implantation energies of 6 keV (I) and 12 keV (II). 



nique and setup can be found elsewhere [13, Eli- Fig.[51Ja) 
shows the measured S-parameters of a representative Si- 
doped sample for positron implantation energies from 0- 
20 keV. After annihilation at surface-specific states for 
low implantation energies, the S-parameter drops quickly 
to a local minimum at ~6 keV. Comparison with the 
positron implantation profile at that energy [Fig. EJb)] 
reveals that this point is representative for annihilations 
from the first 150nm of the sample, with a mean im- 
plantation depth of x=100nm. Deeper inside the sam- 
ple, the S-parameter increases to a local maximum at 
~12 keV (corresponding to a mean implantation depth 
of a;=310nm) and positrons probe a wide region reach- 
ing the interface to the GaN buffer layer. For higher 
implantation energies a significant amount of positrons 
annihilate in the GaN buffer layer pulling the measured 
S-parameter towards the value of the GaN lattice. The 
solid curve in Fig. HJa) shows a fit of the measured 
spectrum using the multi-layer fitting program VEP- 
FIT [12]. It reveals that the experimental spectrum can 
be well described assuming a two-layer structure of the 
S-parameter inside the InN film (see dashed line) with 
a 300 nm thick near-surface and 200 nm thick near- 
interface layer and a positron diffusion length of ~5 nm. 

Representative for the near-surface ("layer") and near- 
interface ("interface") areas, the measured S and W pa- 
rameter at 6 and 12 keV are plotted in Fig. [Altogether 
with accordingly determined values of the remaining 
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FIG. 3: (Color online) S and W line-shape parameters of the 
Doppler broadened electron-positron annihilation 7-radiation for 
different samples and areas. 



samples. All points are normalized by the value of an InN 
reference sample for which no positron trapping at open 
volume defects is observed [ll|. Samples 1 and 5a did not 
exhibit any depth-profile and therefore only one set of 
parameters is displayed. For all Si-doped samples (sam- 
ples 1-4), the "layer" points fall on one line through the 
reference value of the InN lattice. Hence jlfl], one dom- 
inant vacancy-type positron trap is present in this area 
with increasing (room-temperature) annihilation fraction 
from sample 1-4. For the "interface" points, a devi- 
ation from the "layer" line is visible due to increasing 
S-parameters and comparably less pronounced decrease 
in the W-parameters. Therefore, a different dominant 
vacancy-type positron trap has to be expected here. The 
slope defined by the irradiated sample before annealing 
(sample 5a) is steeper [isj than for the as-grown sam- 
ples. Upon rapid thermal annealing (RTA) '6] (sample 
5b), a profile in the depth dependent spectrum of the 
S-parameter is developed [l3| with a layer and interface- 
specific value. The near-surface "layer"-point is shifted 
closer toward the InN lattice point but remains on the 
same line as the as-irradiated sample. This indicates a 
decrease in annihilation fraction at the same positron 
trap as before annealing. The "interface" point, however, 
deviates strongly after annealing and is moved close to 
the interface points of the Si-doped samples. 
We find 3 different dominant vacancy-type positron traps 
in the InN samples, i.e., defects created by high-energy 
particle irradiation (i), defects dominant at the near- 
surface area of as-grown Si-doped samples (ii), and de- 
fects responsible for the observed changes at the inter- 
faces of both Si-doped as well as RTA-treated, irradi- 
ated samples (iii) . A comparison of high- resolution coin- 
cidence Doppler broadening spectra with density tunc- 
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tional theory (DFT) calculations of positron trapping 
and annihilation in InN reveals 0] that these positron 
traps can be identified as (i) isolated In vacancies (Vin), 
(ii) mixed In-N divacancies {Vin-Vf^), and (iii) bigger 
Vin-mV^ (m ~ 2, 3) vacancy complexes, respectively. 
High-energy particle irradiation introduces isolated Vin 
as dominant vacancy-type positron traps in InN. Sub- 
sequent annealing leads to a re-arrangement of vacancy 
defects [l^ , as observable in both TEM and positron an- 
nihilation measurements. Vin become mobile at or below 
the annealing temperature and start to move toward the 
surface and the interface with the GaN buffer, respec- 
tively, where they either recombine, anneal out (at the 
surface) or form complexes with residual Vn (interface). 
Based on the employed annealing temperature of 475°C, 
we can estimate [l^ an upper limit oi Eb < 1.9 eV for the 
migration barrier of the Vin- This is i n g ood agreement 
with the calculated value of 1.6 eV flo| and indicates 
that isolated Vin are mobile during InN growth (assuming 
usual growth temperatures of ~ 550°C for, e.g., MBE). 
No isolated Via are observed in our measurements of 
as-grown Si-doped InN. Instead, we find V[n-T44 com- 
plexes. Hence, we conclude that in-grown Vi^ are stabi- 
lized through the formation of complexes with Vn. This 
is supported by recent DFT results [lB| which predict a 
positive binding energy between Vin and Vf^. Vacancy- 
stabilization through the formation of vacancy-donor 
complexes has been observed also in GaN (Ref. [l3| , and 
references therein) and AIN [T^. The increased incor- 
poration of Vin complexes with increasing free electron 
concentration suggests strongly that T^in-related defects 
act as a source of compensation in n-type InN, which is 
in line with theoretical results The enhanced forma- 
tion of larger Vin-mV^ complexes toward the interface 
with the GaN buffer layer (in irradiated material after 
annealing as well as Si-doped samples) indicates that the 
InN/GaN interface is attractive for vacancy defects. An 
additional high density of Vn in that area could provide 
the proximity required for the promotion of efficient va- 
cancy Vin-mV^ clustering. However, neutral and posi- 
tively charged isolated Vn and mVN-complexes can not 
be detected in PAS measurements [ll| . Duan et al. have 
calculated [l^ a positive binding energy between single 
14<r under n-type conditions and a strong tendency for 
the formation of larger Vn clusters. Hence, the formation 
of Vin-mV^ complexes could occur through a precursor 
state of toVn + Vin Vin-mVn, in accordance to what 
has been proposed earlier in Mg-doped InN [20| . 



Based on the TEM data, the observed increase in va- 
cancy clustering at the InN / Gan interface coincides with 
elevated dislocation densities in that area. In order to 
assess the effect of dislocations on the formation ener- 
gies of point defects in their vicinity we performed DFT 
calculations of strained InN lattices. We found that 
typical strain associated with screw dislocations (0-15% 
shear) decreases the formation energies of Vin and V^ 
only slightly by <30 meV, and hence should not play 
any major role. Investigations on the effects of edge dis- 
locations are under way. Besides strain-related influences 
on the defect formation energies, additional dislocation- 
related vacancy formation mechanisms such as disloca- 
tion movement and/or decoration of dislocations might 
be possible. In GaN, recent theoretical calculations [2l| 
suggest stable configurations of vacancies inside disloca- 
tion cores and a correlation between vacancy densities 
and dislocations was found '22'] . It should be noted that 
dislocations might also directly affect the positron an- 
nihilation signal (23I by, e.g., forming shallow traps for 
positrons. The exceptionally low values of the positron 
diffusion length in the InN samples do support the pres- 
ence of such additional positron trapping centers with 
annihilation characteristics close to the bulk. Detailed 
theoretical investigations on positron trapping and an- 
nihilation at dislocations in wurtzite semiconductors are 
currently being performed. 

In summary, combining results from PAS and TEM we 
find that isolated Vin are only present in irradiated InN 
films and anneal out at temperatures of < 475° C if not 
stabilized by other point defects. Stabilization of Vin 
occurs through complex formation with T^j. Vin-mV^ 
complexes are the dominant vacancy-type positron trap 
in as-grown InN samples. Toward the interface between 
the InN layer and the GaN buffer, enhanced formation of 
bigger vacancy clusters with increasing number of Vn is 
observed in both as-grown and irradiated material after 
annealing and coincides with increased dislocation den- 
sities in that area. This indicates that the InN/GaN 
interface is strongly attractive for vacancy defects and 
points at elevated concentrations of additional Vn and 
^N-complexes in that area. 
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